1. Introduction {#sec1}
===============

The consumption and production of biodiesel continue to increase worldwide. Biodiesel being a source of green and renewable energy, it is considered as an alternative fuel to conventional diesel oil [@bib1].

The synthesis of biodiesel from oil can be performed by several methods such as thermochemistry \[[@bib2], [@bib3]\] i.e. esterification and transesterification via catalytic or non-catalytic pathways \[[@bib4], [@bib5], [@bib6], [@bib7]\]. Alkali-catalyzed transesterification is the most commonly used and consists in reacting a triglyceride molecule with three molecules of alcohol to produce three molecules of methyl ester, known as biodiesel, and one molecule of glycerol \[[@bib8], [@bib9]\].

The catalytic transesterification reaction follows a three-stepped reaction scheme, as illustrated in [Fig. 1](#fig1){ref-type="fig"}. During the first, step the decomposition of triglycerides (TG) to diglycerides (DG) occurs with a formation of one methyl ester, the second one transforms diglycerides to monoglycerides (MG) and methyl ester, and the last step is the decomposition of monoglycerides into glycerol and methyl ester [@bib10].Fig. 1Scheme for stepwise transesterification reaction.Fig. 1

In order to determine the kinetic parameters of the reaction (activation energy and pre-exponential factor), a kinetic study is required. This study is essential to design and upscale facilities to industrial level.

Several researches on the kinetics of homogeneous and heterogeneous catalysis of transesterification have been carried out using different raw materials and synthesis methods \[[@bib11], [@bib12], [@bib13], [@bib14], [@bib15]\]. Ramezani et al. [@bib16] studied parameters affecting the transesterification reaction of castor oil in order to optimize its yield and used their results to adjust a kinetic correlation using the pseudo-first order hypothesis.

Hanny et al. [@bib15] proposed a kinetic model for the estimation of hydroxide-catalyzed methanolysis reaction of mixture of *Jatropha curcas*--waste food oil that contains 1%wt of free fatty acids (FFA) in a batch reactor at 50 °C, a mixing speed of 900 rpm, a methanol:oil molar ratio of 6:1, and 1%wt KOH. The developed model takes into account the side effects of saponification of glycerides, esters and free fatty acids (*FFA*). Karmee et al. [@bib17] studied the transesterification of *MG* extracted from crude Pongamia oil with methanol and KOH catalyst. Their results revealed that the reaction follows a second-order, reversible kinetic model where the rate constants increase with temperature while reverse rate constants decrease.

In general, the treatment of experimental results for the determination of kinetic and energetic parameters can be carried out by different methods, i.e. iterative, linear and differential equations. Janajreh et al. [@bib18] and Leevijit et al. [@bib19] used least-square regression technique to solve linear equations system in order to find the best fit of the transesterification\'s rate constants. One of the difficulties of curve adjustment in non-linear problems is that multiple solutions can fit the results, while in reality, only one solution is correct. The reason behind that is that the least sum of the squared errors represents a local minimum rather than an overall minimum. The choice of initial estimates for the parameters also plays an important role in the curve\'s fit trajectory to a local minimum \[[@bib19], [@bib20]\].

Other methods such as Monte Carlo simulation was adopted by Bashiri et al. [@bib1] to study the catalytic transesterification kinetics of soybean oil, methanol and NaOH. On the other hand, Issariyakul et al. [@bib10] used regression and differential equation solvers based on the 4^th^ and 5^th^ orders Runge-Kutta to determine the values of the rate constants of the catalytic transesterification of mustard and palm oils.

Particle Swarm Optimization (PSO), one of the latest metaheuristics that applies the population-based stochastic optimization technique, was originally developed by Kennedy & Eberhart [@bib21].

The particle swarm optimisation (PSO) method has been used in several fields (chemical, thermal). This algorithm is a powerful and stochastic scalable computation method that can be used to find the global optimum in a complex search space. It is easier to implement and has faster convergence than other scalable methods, such as genetic algorithm (GA), insofar as it does not use any evolutionary operator, such as crossbreeding and mutation. In addition, the PSO is robust and requires fewer parameters and computing memory [@bib22], well suited for solving non-linear and non-convex systems. Compared to other optimization methods, the PSO is more efficient, requiring fewer functions and gives faster convergence and better results, it is a population-based algorithm, it can be parallelized efficiently in order to reduce the computing time \[[@bib23], [@bib24], [@bib25], [@bib26]\]. The methods used in the kinetics of transesterification reaction, like the linear equation and iterative methods depend on the initial solution and a convergence towards non-optimum solutions is highly probable.

For the best knowledge of authors, this method has never been used to study the kinetics of transesterification, although its powerful algorithm. For this purpose, the PSO method was applied, in the present work, for the determination of the kinetic parameters (*Ea, A, n*) of the transesterification reaction in 3 reversible steps based on experimental results. The biodiesel considered in this study was prepared from rapeseed oil.

2. Materials and methods {#sec2}
========================

2.1. Raw materials {#sec2.1}
------------------

The raw material used in the experiments is commercial rapeseed oil. Its fatty acid composition is shown in [Table 1](#tbl1){ref-type="table"}.Table 1Characteristics of rapeseed oil.Table 1PropertiesViscosity28.7 mPas (45 °C)22.8 mPas (55 °C)17.1 mPas (65 °C)Dansity0.850 kg/lAcid number1.10 mgKOH/gWater contentndCompositionFatty acidContent (% wt/wt)Oleic (18:1)60Linoleic (18:2)22Linolenic (18:3)8.4Palmitic (16:0)4.2Gondoic (20:1)2.1Stearic (18:0)1.6Arachidic (20:0)0.4Euric (22:1)0.5Behenic (22:0)0.3Palmitoleic (16:1)0.1Ecosadiensic (20:1)0.1

The reagents selected for this study are: commercial methanol with a purity of 98% purchased from *Prolabo Chemicals* and commercial potassium hydroxide having a purity of 85%, purchased from *Acros*.

In order to stop the transesterification reaction within samples, hydrochloric acid 1N and tetrahydrofuran (THF) purchased from *Pprolabo* and *Aacros* respectively, were used.

The standard solutions used for GC-FID calibration and for the determination of free and total glycerine according to ASTMD 6584 were:

triolein, diolein, monolein, glycerin as standards and 1,2,4-butantriol, 1,2, 3-tridecanol glycerol (tricaprine) as internal standards 1 and 2 respectively and N-methyl-N- (trimethylsilyl) trifluoroacetamide (MSTFA) were purchased from Sigma Aldrich

2.2. Experimental methodology {#sec2.2}
-----------------------------

The experimental study was carried out in a batch reactor ([Fig. 2](#fig2){ref-type="fig"}) using a 500 ml flask (1), filled with reagents (oil, alcohol, and catalyst). The reactor was sealed with rubber stoppers, to prevent evaporation of methanol, and immersed in a thermostatic water-bath (2). Stirring is applied using a magnetic rod and an agitator (3).Fig. 2Experimental setup.Fig. 2

Initially, 200 g of oil are poured in the flask and heated to the desired reaction temperature (45, 55, 65 °C), while the rotational speed of the mixer was fixed to 600 rpm. At the same time, a mixture of methanol and KOH is prepared using an alcohol: oil molar ratio of (6:1) and 1wt % of KOH catalyst, before being mixed with the oil. The molar ratio (6:1) and the amount of catalyst at 1wt % of oil, were chosen based on earlier studies [@bib9].

In order to determine the evolution of the reaction and the composition of chemical species in the mixture, 5 ml samples were taken at different times of the reaction (1, 2, 3, 4, 5, 6, 8, 10, 15, 25, 35, 45, 55, 65, 90 and 120 min), and poured on an ice cooled mixture of 1 ml of 1 N hydrochloric acid and 5 ml of tetrahydrofuran in order to stop the reaction. The hydrochloric acid was used to neutralize the catalyst and KCl, produced during reaction, precipitates in the bottom. A centrifugation step follows to separate the aqueous phase from organic phase, the latter will be stored at -20 °C before analysis [@bib27].

Collected samples were analysed using an Agilent 7820A type gas chromatograph coupled with a flame ionization detector (GC-FID) to determine the concentrations of TG, MG, DG and GL. The column contains 5% phenylpolydimethylsiloxane (15 m × 0.32 mm, film thickness 0.1 μm). The operating conditions are summarized in [Table 2](#tbl2){ref-type="table"}. The apparatus was calibrated according to ASTM D 6584 before analysis.Table 2Operating conditions for Glycerides detection.Table 2InjectorCool on column injectionSample size1 μlColumn temperature programInitial temperature50 °Chold 1 minRate 115 °C/min to 180 °CRate 27 °C/min to 230 °CRate 330 °C/min to 380 °Chold 10 minDetectorTypeFlame ionizationTemperature380 °CCarrier gasTypeheliumMeasured at 50 °CFlow rate3 ml/min

The fatty acid methyl esters profile was analysed using the Perkin Elmer CLARUS 600 mass spectrometer coupled to a gas chromatograph and flame ionization detector (GCMS-FID). An Agilent SLB-5MS column (30 m × 0.250 mm, film thickness 0.25 μm) was used. The operating conditions are summarized in [Table 3](#tbl3){ref-type="table"}.Table 3Operating conditions for methyl esters analysis.Table 3InjectorCool on column injectionSample size1μlColumn temperature programInitial temperature70 °Chold 1 minRate 112 °C/min to 180 °CRate 27 °C/min to 240 °CRate 312 °C/min to 330 °Chold 6.76 minDetectortypeFlame ionizationtemperature380 °CCarrier gasTypeheliumMeasured at 50 °CFlow rate1 ml/min

2.3. Kinetic model {#sec2.3}
------------------

### 2.3.1. Mechanism of reaction {#sec2.3.1}

The global catalytic transesterification reaction is modelled by a series of 3 reversible reactions as presented in eqs. [(1)](#fd1){ref-type="disp-formula"}, [(2)](#fd2){ref-type="disp-formula"}, [(3)](#fd3){ref-type="disp-formula"} [@bib20]. To simplify the representation, the molar concentrations of *TG, DG, MG, ME, GL* and *AL* species will be designated as *C*~*1*~*, C*~*2*~*, C*~*3*~*, C*~*4*~*, C*~*5*~ and *C*~*6*~ respectively.$$\underset{C_{1}}{\underset{︸}{TG}} + \underset{C_{6}}{\underset{︸}{AL}}\underset{}{\overset{k_{1}k_{2}}{\rightleftarrows}}\underset{C_{2}}{\underset{︸}{DG}} + \underset{C_{4}}{\underset{︸}{ME}}$$$$\underset{C_{2}}{\underset{︸}{DG}} + \underset{C_{6}}{\underset{︸}{AL}}\underset{k_{4}}{\overset{k_{3}}{\rightleftarrows}}\underset{C_{3}}{\underset{︸}{MG}} + \underset{C_{4}}{\underset{︸}{ME}}$$$$\underset{C_{3}}{\underset{︸}{MG}} + \underset{C_{6}}{\underset{︸}{AL}}\underset{k_{6}}{\overset{k_{5}}{\rightleftarrows}}\underset{C_{5}}{\underset{︸}{GL}} + \underset{C_{4}}{\underset{︸}{ME}}$$

The rate of each reaction is given by a first order ordinary differential equation (ODE). The system of ODEs is written in the form of [Eq. (4)](#fd4){ref-type="disp-formula"}.$$\frac{dC_{i}}{dt} = - a_{i}C_{i} + b_{i}\,\,\,\,\,\,\,\,\, i \in \left\{ {1,2,\ldots,6} \right\}$$

With:$$a_{i} = \left( \begin{array}{l}
{k_{1}C_{6}} \\
{k_{2}C_{4} + k_{3}C_{6}} \\
{k_{4}C_{4} + k_{5}C_{6}} \\
{k_{4}C_{3} + k_{6}C_{5} + k_{2}C_{2}} \\
{k_{6}C_{4}} \\
{k_{1}C_{1} + k_{3}C_{2} + k_{5}C_{3}} \\
\end{array} \right);b_{i} = \left( \begin{array}{l}
{k_{2}C_{2}C_{4}} \\
{k_{1}C_{1}C_{6} + k_{4}C_{3}C_{4}} \\
{k_{3}C_{2}C_{6} + k_{6}C_{5}C_{4}} \\
{k_{3}C_{2}C_{6} + k_{5}C_{3}C_{6} + k_{1}C_{1}C_{6}} \\
{k_{5}C_{3}C_{6}} \\
{k_{2}C_{2}C_{4} + k_{4}C_{3}C_{4} + k_{6}C_{5}C_{4}} \\
\end{array} \right)$$

The estimation of the rate constants *k*~*j*~, $\left( {j \in \left\{ {1,2,.....,6} \right\}} \right)$ is based on the resolution of the ODEs. The results thus obtained will be compared with the experimental data of the transesterification under constant temperatures. The optimization of the estimation of the constants *k*~*j*~ is carried out using PSO, known for its robustness, its precision and its speed. The six rate constants (*k*~*1*~ *to k*~*6*~) are estimated by minimizing the following objective function:$$f_{1}\left( \% \right) = \left( {\sum\limits_{i = 1}^{5}\left\lbrack {\sum\limits_{k = 1}^{N}\left( \frac{\left( C_{i}^{k} \right)_{Cal} - \left( C_{i}^{k} \right)_{Exp}}{\left( C_{i}^{\max} \right)_{Exp} - \left( C_{i}^{\min} \right)_{Exp}} \right)^{2}} \right\rbrack} \right) \ast \frac{100}{N}\left\lbrack \% \right\rbrack$$where *N* is the number of analysed samples. $\left( C_{i}^{k} \right)_{Exp}$ is the molar concentration of species *i*, determined experimentally at the time *t*~*k*~. The concentration of alcohol (*C*~*6*~) was not measured experimentally. It will be determined by deduction. $\left( C_{i}^{\max} \right)_{Exp}$ and $\left( C_{i}^{\min} \right)_{Exp}$ are the maximum and minimum values respectively.$\left( C_{i}^{k} \right)_{Cal}$ is the molar concentration of specie *i,* at the time *t*~*k*~, calculated after each estimation of the rate constants *k*~*j*~.

### 2.3.2. PSO method {#sec2.3.2}

PSO method is a stochastic optimization approach, which maintains a swarm of *J* candidate solutions. Each candidate solution *S*~*j*~ is, in turn, a population of *I* particles *x*~*i,j*~. Each particle is animated with a velocity *v*~*i,j*~. The global swarm, composed of particles *x*~*i,j*~, can be represented graphically in [Fig. 3](#fig3){ref-type="fig"} by circular crowns (*I*) of radii $R_{\min,i} = x_{\min,i}$ and $R_{\max,i} = x_{\max,i}$.Fig. 3Instant distribution of swarm particles.Fig. 3

Each particle *x*~*i,\ j*~ is defined by its position vector *R*~*i,\ j*~ and its instantaneous speed *v*~*i,\ j*~. The best candidate solution (*S*~*j*~*,* ~*best*~) of the swarm, which optimizes the objective function of the problem, is identified and saved as the best global system solution (*G*~*best*~).

The particles, whose positions (*x*~*i,\ j*~) and velocities (*v*~*i,\ j*~) are initially generated randomly, are \"transported\" through the space of the *i*^*th*^ circular crown, searching a better position. Updating the positions of particles consists in determining the position of the particle (*x*~*i,\ j*~) at the instant (*t + 1*) as a function of its position at the time (*t*). It is modelled by the following formula:$$x_{i,j}^{t + 1} = x_{i,j}^{t} + v_{i,j}^{t + 1}$$$$\begin{array}{l}
{x_{i,j} \in \left\lbrack {x_{ij\min},\ x_{ij\max}} \right\rbrack} \\
{v_{i,j} \in \left\lbrack {v_{ij\min},\ v_{ij\max}} \right\rbrack} \\
\end{array}$$

This new position $\left( x_{i,j}^{t + 1} \right)$ is adjusted by the updated stochastic speed $\left( v_{i,j}^{t + 1} \right)$, which is given by the following formula:$$v_{i,j}^{t + 1} = \omega^{t}v_{i,j}^{t} + \phi_{1,j}^{t}\left( {Pbest_{i,j}^{t} - x_{i,j}^{t}} \right) + \phi_{2,j}^{t}\left( {Gbest_{i}^{t} - x_{i,j}^{t}} \right)$$where $i = 1,...,I$; $j = 1,...,J$ and $t = 1,...,iter$.The updated speed at the time (*t* + 1) depends on its current speed $\left( v_{i,j}^{t} \right)$, the best position recorded by the particle itself $\left( {Pbest_{i,j}^{t}} \right)$ and the position of the particle constituting the best solution among its neighbourhood $\left( {Gbest_{i}^{t}} \right)$. [Fig. 4](#fig4){ref-type="fig"} shows position ([Eq. (6)](#fd6){ref-type="disp-formula"}) and velocity ([Eq. (7)](#fd7){ref-type="disp-formula"}) updates of the particle $\left( x_{i,j}^{t} \right)$.Fig. 4Updates of the velocity and position of the particle *j* of the swarm *i*.Fig. 4

In addition, in [Eq. (7)](#fd7){ref-type="disp-formula"}, $\phi_{1,j}^{t} = c_{1}r_{1,j}^{t}$ and $\phi_{2,j}^{t} = c_{2}r_{2,j}^{t}$ ; where *c*~*1*~ and *c*~*2*~ are respectively the cognitive and the social acceleration constants while $r_{1,j}^{t}$ and $r_{2,j}^{t}$ are random numbers between 0 and 1.

The population is evaluated by the fitness function. In most cases, greater individual\'s fitness value indicates the individual\'s higher ability to adapt to the environment. Here, the fitness value is the error between experimental and calculated concentration ([Eq. (5)](#fd5){ref-type="disp-formula"}). The best solution is obtained when smallest total error is reached.

The pseudocode of PSO algorithm is presented in [Fig. 5](#fig5){ref-type="fig"}. It shows that for each iteration, the swarm, as well as the positions and the speeds of particles, are initialized. The best position seen by the particle itself (*Pbest*) and the particle occupying the best position in the swarm (*Gbest*) will also be updated.Fig. 5Pseudocode of PSO algorithm.Fig. 5

The convergence of the calculations is ensured by setting tolerance between the value of the objective function computed at the current iteration (t) and the iteration (t-200). Iterations stop if the tolerance is less than 10^−12^ or the maximum number of iterations (iter) is reached [@bib28].

Taking into account the unknown final iteration value on one hand, and the need to iterate on the whole interval of inertia weight on the other hand, the current value is calculated at each iteration using the following sinusoidal equation:$$\text{ω}^{\text{t} + 1} = \left( \frac{\text{ω}_{\text{max}} + \text{ω}_{\text{min}}}{2} \right) - \left( \frac{\text{ω}_{\text{max}} - \text{ω}_{\text{min}}}{2} \right)\text{sin}\left( {\frac{\text{π}}{2} + \frac{\text{π}}{50}\text{t}} \right)$$

The PSO stability and the convergence of the system towards an equilibrium point are ensured only if the following conditions are satisfied \[[@bib23], [@bib29]\].$$\left\{ \begin{array}{l}
{0 < \left( {c_{1} + c_{2}} \right) < 4} \\
{\frac{\left( {c_{1} + c_{2}} \right)}{2} - 1 < \omega < 1} \\
\end{array} \right.$$

Furthermore, empirical results have shown that a constant inertia ω = 0.7298 and an acceleration coefficient c~1~ = c~2~ = 1.49618 provide good convergence in the resolution and optimization of systems proven in the literature and our system \[[@bib30], [@bib31]\].

Tables [4](#tbl4){ref-type="table"} and [5](#tbl5){ref-type="table"}: summarize the various parameters of PSO, used to estimate the rate constants and the kinetic triplets.Table 4Limit values \[x~min,\ i~, x~max,\ i~\] particle positions in swarms.Table 4i^th^ parameterski \[mol.s^−1^\]Ln(Ai)Ei\[J.mol-1.K^−1^\]ni1^st^ parameters\[0.01,10\]\[1.27.10^−6^, 786164.20\]\[-120.10^3^, 120.10^3^\]\[0.5, 10\]2^nd^ parameters\[0.01,10\]\[1.27.10^−6^, 786164.20\]\[-120.10^3^, 120.10^3^\]\[0.5, 10\]3^th^ parameters\[0.01,10\]\[1.27.10^−6^, 786164.20\]\[-120.10^3^, 120.10^3^\]\[0.5, 10\]4^th^ parameters\[0.01,10\]\[1.27.10^−6^, 786164.20\]\[-120.10^3^, 120.10^3^\]\[0.5, 10\]5^th^ parameters\[0.01,10\]\[1.27.10^−6^, 786164.20\]\[-120.10^3^, 120.10^3^\]\[0.5, 10\]6^th^ parameters\[0.01,10\]\[1.27.10^−6^, 786164.20\]\[-120.10^3^, 120.10^3^\]\[0.5, 10\]Iterations (iter)15003000Populations (J)1000200Parameters (I)63Table 5PSO program parameters.Table 5C~1~C~2~ω~min~ω~max~v~max,i~1.496181.496180.50.90.2\*(*x*~*max*,i~ - *x*~*min*,i~)

### 2.3.3. Estimation of kinetic parameters {#sec2.3.3}

As noticed previously, the estimation of the rate constants *k*~*j*~, $\left( {j \in \left\{ {1,2,.....,6} \right\}} \right)$ is based on the resolution of the previous ODEs ([Eq. (4)](#fd4){ref-type="disp-formula"}). Two steps are hence considered.

**Step 1**

The concentrations of species are calculated by discretizing the ODEs of [Eq. (4)](#fd4){ref-type="disp-formula"} using the Runge-Kutta method of order 4 (RK-4). The resolution is initiated by the initial solution $\left( C_{i}^{0} \right)$, which is derived from the experiment. It is equal to $C_{1}^{0}$ for triglyceride (*C*~1~), 6\*$C_{1}^{0}$for alcohol (*C*~6~) and zero for the other species (*C*~2~ to *C*~5~).

**Step 2**

The rate constants of different reactions were determined at different temperatures (*T*~*m*~). The evolution of each constant as a function of temperature (*k*~*j*~ (*T*)) serves as a datum point to estimate again the kinetic triplet of each reaction (*A*~*j*~*, E*~*j*~ *et n*~*j*~).

Several studies have shown that the rate constant of a chemical reaction is modelled using Arrhenius law. In this study, it will be modelled by the modified Arrhenius law, given by the following formula [@bib20]:$$k_{j}^{m} = k_{j}\left( T_{m} \right) = A_{j}\left( T_{m} \right)^{n_{j}}\ \exp\left( \frac{- E_{j}}{RT_{m}} \right)$$

Similarly, the kinetic triplet of each reaction, namely the pre-exponential factor (*A*~*j*~), the activation energy (*E*~*j*~) and the degree (*n*~*j*~), will also be estimated using the PSO method, by minimizing the following objective function:$$f_{2} = \sum\limits_{m = 1}^{M}\left( {\left( k_{j}^{m} \right) - \left( k_{j}^{m} \right)_{Cal}} \right)^{2}$$

*M* is the number of temperature levels (three in this study) at which the constants *k*~*j*~ have been determined. $k_{j}^{m}$ is the rate constant of the *j*^*th*^ reaction, determined precisely at the temperature *T*~*m*~ (step 1). $\left( k_{j}^{m} \right)_{Cal}$ is the rate constant of the *j*^*th*^ reaction, calculated at the temperature *T*~*m*~ using [Eq. (10)](#fd10){ref-type="disp-formula"}, after each estimation of the kinetic triplet *A*~*j*~*, E*~*j*~ *et n*~*j*~.

3. Results and discussion {#sec3}
=========================

3.1. Validation of PSO algorithm {#sec3.1}
--------------------------------

In order to validate the PSO calculation algorithm, it was applied to determine the transesterification kinetics based on the experimental work of Noureddini et al. [@bib26]. The calculated kinetic parameters were compared to the simulated results reported by Bashiri et al. [@bib1]. These authors have adopted the Monte Carlo method to model the transesterification reaction based on experimental results of Noureddini et al. [@bib26]. [Table 6](#tbl6){ref-type="table"} shows a comparison between *K* values determined by PSO method (present work) and those calculated by Bashiri et al. [@bib1]. A slight difference can be observed for *K*~*1*~ and *K*~*6*~, however significant variations are noticed for *K*~*2*~, *K*~*4*~ and *K*~*5*~, which appears clearly in the deviation with respect to experimental data [@bib26].Table 6The kinetic parameters of methanolysis of soybean oil in presence of NaOH.Table 6Steps[@bib26][@bib1]Deviation (%)*K* (L/mol.min)Present workDeviation (%)$\left. TG + CH_{3}OH\rightarrow DG + ME \right.$0.050.04840.032236$\left. DG + ME\rightarrow TG + CH_{3}OH \right.$0.1100.180640.082925$\left. DG + CH_{3}OH\rightarrow MG + ME \right.$0.2150.21500.176918$\left. MG + ME\rightarrow DG + CH_{3}OH \right.$1.2281.32881.598030,$\left. MG + CH_{3}OH\rightarrow GL + ME \right.$0.2420.24200.189422,$\left. GL + ME\rightarrow MG + CH_{3}OH \right.$0.070.003570.001677

On the [Fig. 6](#fig6){ref-type="fig"} are represented the calculated concentrations, by PSO (present work) and Monte Carlo (Bashiri et al. [@bib1]) methods, of glycerol ([Fig. 6](#fig6){ref-type="fig"}a) and methyl ester ([Fig. 6](#fig6){ref-type="fig"}b). The calculated values are compared to the experimental results [@bib26]. It is clear that values obtained with PSO method are closer to the experimental concentrations.Fig. 6Comparison of the calculated concentrations (present work, Bashiri et al. [@bib1]) with the experimental values [@bib26]. (a) Glycerol; (b) Methyl ester.Fig. 6

The error estimated by the objective function (5) was less than 1% while this error is about 3 % for [@bib1]. This result shows the robustness of the PSO method for optimization and the convergence of the rate constants values which reflects a perfect concordance of the numerical results with the experimental ones.

The optimization of these parameters makes it possible to size the chemical reactor with high accuracy. For this, the use of an optimizer allows to size the reactor with fewer errors. The larger the error, the more oversized the reactor will be, which will affect the investment, maintenance and energy costs spent during the reaction [@bib32].

3.2. Application of PSO method to rapeseed oil transesterification {#sec3.2}
------------------------------------------------------------------

In this section, PSO method is used to estimate the kinetic and energetic parameters of the transesterification reaction of rapeseed oil, performed in this study. Transesterification experiments were carried out according to the procedure and operating conditions presented previously (§ 2.2). [Table 7](#tbl7){ref-type="table"} presents the kinetic parameters determined for the three considered temperatures, namely, 45, 55 and 65 °C. In this study the best fit was found with n = 1 for the modified Arrhenius law.Table 7The kinetic parameters of rapeseed oil transesterification in presence of KOH.Table 7StepsK (L/mol.min)A (L/mol.min)Ea (kJ/mol)45 °C55 °C65 °C$\left. TG + CH_{3}OH\rightarrow DG + ME \right.$0.07720.11290.24976.12 × 10^5^57.800$\left. DG + ME\rightarrow TG + CH_{3}OH \right.$0.18500.09280.05862.13 × 10^−13^57.472$\left. DG + CH_{3}OH\rightarrow MG + ME \right.$0.071030.10380.19125.88 × 10^3^45.476$\left. MG + ME\rightarrow DG + CH_{3}OH \right.$0.10980.07780.07448.40 × 10^6^21.942$\left. MG + CH_{3}OH\rightarrow GL + ME \right.$0.1073150.12160.21971.44 × 10^2^34.708$\left. GL + ME\rightarrow MG + CH_{3}OH \right.$0.009420.00650.001716.62 × 10^3^5.358

Figs. [7](#fig7){ref-type="fig"} and [8](#fig8){ref-type="fig"} show the evolution of calculated concentrations of TG, MG, DG, GL and ME in comparison with experimental results at 45 and 65 °C respectively. We can observe a good agreement between simulated values by PSO method and experimental ones. The relative error is about 0.05% for all the species calculated using the objective function ([Eq. (5)](#fd5){ref-type="disp-formula"}).Fig. 7Experimental and simulated data of triglyceride (TG: ▲), monoglyceride (MG: \*), diglyceride (DG: ♦), glycerol (GL: ■) and methyl ester (ME:•) concentrations during reaction. (KOH: 1wt%, temperature: 45 °C, rate of stirring: 600 rpm).Fig. 7Fig. 8Experimental and simulated data of triglyceride (TG: ▲), monoglyceride (MG: \*), diglyceride (DG: ♦), glycerol (GL: ■) and methyl ester (ME:•) concentration during reaction. (KOH 1wt%, temperature 65 °C, rate of stirring 600 rpm).Fig. 8

It can be noticed that the evolutions of ME and GL follow a sigmoidal curve shapes (Figs. [7](#fig7){ref-type="fig"} and [8](#fig8){ref-type="fig"}). This behaviour is explained by a slow reaction rate followed by a sudden increase before slowing down again at the end of reaction. In fact, the first step is a slow phase which is controlled by mass transfer between the two immiscible phases (oil and alcohol) while the second one is fast and controlled chemically, where the reaction medium is homogeneous. The last step is a slow equilibrium regime during the completion of the reaction where a two-phase system (biodiesel and glycerol) is established again [@bib20].

In addition, the amount of DG and MG increases in the 5 min following the beginning of reaction then it decreases until equilibrium. On the other hand, the concentration of TG decreases rapidly until equilibrium. The temperature increase enhances the transesterification reaction and shortens the conversion time. The results show that conversion rate reaches an asymptote after respectively 35, 45 and 55 min at 65, 55 and 45 °C, respectively. Furthermore, the Figs. [7](#fig7){ref-type="fig"} and [8](#fig8){ref-type="fig"}) show a perfect concordance between the experimental and simulated data. Consequently, the mechanism with 3 steps coupled to Arrhenius law kinetics simulates transesterification reaction of rapeseed oil with high accuracy.

3.3. Effect of operating conditions {#sec3.3}
-----------------------------------

### 3.3.1. Effect of temperature on the reaction {#sec3.3.1}

The effect of temperature on the transesterification rate of rapeseed oil in the presence of KOH was studied. Different temperatures were selected (25 °C, 35 °C, 45 °C, 55 °C and 65 °C) to approximate this effect on yield. [Fig. 9](#fig9){ref-type="fig"} represents the simulation of the effect of temperature on the concentration of the methyl ester. The initial data entry was \[TG\]~0~ = 0.74 mol/l, \[CH~3~OH\]~0~ = 6 \[TG\]~0~ and 1wt% KOH.Fig. 9Temperature effect on the concentration of methyl ester with time (KOH 1wt%, rate of stirring 600 rpm).Fig. 9

The simulation was carried out by calculating the constants at temperatures ranging from 25 to 65 °C with a step of 10 °C using modified Arrhenius equation ([Eq. (10)](#fd10){ref-type="disp-formula"} and [Table 7](#tbl7){ref-type="table"}).

The maximum yield of methyl ester (99.9%) was reached after 2 hours of reaction at 65 °C. The yield is calculated using [Eq. (12)](#fd12){ref-type="disp-formula"}.

Temperature has a direct influence on the advancement of the reaction through the Arrhenius law rate constants ([Eq. (10)](#fd10){ref-type="disp-formula"}). When the temperature increases, the conversion rate of oil into methyl esters increases ([Table 8](#tbl8){ref-type="table"}).$$yield = \frac{\sum\left( {n_{TG,0} + n_{DG,0} + n_{MG,0}} \right) - \sum\left( {n_{TG,t} + n_{DG,t} + n_{MG,t}} \right)}{\sum\left( {n_{TG,0} + n_{DG,0} + n_{MG,0}} \right)}$$Where:Table 8The simulation results of transesterification of rapeseed oil in presence of KOH at different temperatures.Table 8TemperatureYield (%)3 (min)10 (min)30 (min)60 (min)25 °C418273635 °C1135475345 °C1548596755 °C2459778665 °C27809799

$n_{TG,0}$, $n_{DG,0}$ and $n_{MG,0}$ are initial mole numbers of TG, DG, and MG. at t = 0 min $n_{MG,0} = n_{DG,0} = 0$$n_{TG,t}$, $n_{DG,t}$ and $n_{MG,t}$ are the instantaneous mole numbers of TG, DG, and MG at the moment *t* of the reaction. The equation becomes$$yield\left( \% \right) = \frac{n_{TG,0} - \sum\left( {n_{TG,t} + n_{DG,t} + n_{MG,t}} \right)}{n_{TG,0}} \ast 100$$

### 3.3.2. Effect of oil to methanol feed ratio on the reaction {#sec3.3.2}

Regarding the alcohol: oil molar ratio, its effect was examined based on the reaction mechanism determined previously. Theoretically, the transesterification reaction requires three moles of methanol to convert one mole of triglycerides to methyl ester. Since the reaction is carried out in three reversible stages, to favour and increase the conversion rate by the Chatelier principle, an excess of alcohol must be added to the reaction mixture.

As it can be seen from [Fig. 10](#fig10){ref-type="fig"}. The simulation of the effect of methanol on the rate of reaction was realised with initial data input \[TG\]~0~ = 0.74 mol/l, \[CH3OH\] = 6\*\[TG\]~0~ and 1wt% of KOH at 65 °C. The yield of ME after 60 minutes increases proportionally with the increase of alcohol excess.Fig. 10Effect of molar ratio on the conversion of methyl ester (KOH 1%.wt, temperature 65 °C, rate of stirring 600 rpm).Fig. 10

For methanol: oil ratios higher than 6:1, the increase of yield, after 1 h of reaction, is insignificant. For example, by doubling this ratio, the yield increases only by 0.14%. Moreover, the presence of excess alcohol makes the separation of the methyl ester-glycerine phases more difficult. Based on this observation. The methanol to oil ratio of 6:1 was adopted as optimal (see [Table 9](#tbl9){ref-type="table"}).Table 9The simulation results of transesterification of rapeseed oil in presence of KOH at different oil to methanol feed ratios.Table 9Oil: MeOHyield3 (min)10 (min)30 (min)60 (min)1:314.1748.8670.3576.401:523.0871.7681894.2545597.041:627.4080.2318297.5772799.651:835.8091.9999.0499.851:939.8095.8599.599.901:1251.3099.8099.9999.99

The simulation of the molar ratio effect makes it possible to optimize the amount of alcohol and the reaction time. The optimum amount of alcohol is (1: 6) for a reaction time of 60 min in order to have a conversion rate equal to 99 %.

4. Conclusions {#sec4}
==============

In this work, a modified particle swarm optimization method (PSO) was applied to determine the transesterification kinetics of rapeseed oil with methanol in the presence of 1 wt% KOH catalyst.

The validation of the PSO program was performed by comparing obtained results with published numerical and experimental data. The calculated error was 4 times lower than that obtained by Monte Carlo method.

The use of the PSO program as optimizer allows a perfect fit with the experimental data, with estimation errors lower than 0.05%. This error margin allows a precise dimensioning of the transesterification reactor

The evolution of the concentration of chemical species during transesterification reaction was predicted by the proposed 3-steps kinetic model.

The study of temperature influence on the rate constants showed that they tend to increase for the direct reactions and to decrease for the reverse ones. The maximum yield of ME and the conversion rate of TG were recorded at a temperature of 65 °C.

The mechanism and kinetic parameters for a temperature of 65 °C were used in the simulation of the influence of the molar ratio on the transesterification reaction rate. The optimum ratio of methanol: oil was 6:1 which gave a 99% conversion.
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